Abstract Resilience of crops to climate change is extremely critical for global food security in coming decades. Decrease in productivity of certain crops as a consequence of changing climate has already been observed. In West Africa, a region extremely vulnerable to climate change, various studies predicted significant reduction in productivity of the major crops because of future warming and shift in precipitation patterns. However, most studies either follow statistical approaches or involve only specific sites. Here, using a process-based crop model at a regional scale, we project the future changes in cereal crop yields as a result of climate change for West African countries in the absence of agricultural intensification for climate adaptation. Without adaptation, the long-term mean of crop yield is projected to decrease in most of the countries (despite some projected increase of precipitation) by the middle of the century, while the inter-annual variability of yield increases significantly. This increase of yield variability is attributed to an increase of inter-annual variability of growing season temperature and/or precipitation in future climate scenarios. The lower mean yield and larger year-to-year variation together make the regional food security extremely volatile. For a comprehensive understanding of climate change impact on crop yield, the distribution of temperature and precipitation over specific growth stages, in addition to growing season averages, should be accounted for. Although uncertainties are rife in calibrating and running a process-based crop model at regional scale, the present study offers insight into potential Climatic Change (2015) 133:321-334 
Introduction
Agriculture and food production are influenced by numerous anthropogenic and natural factors. Projecting climate change impact on agriculture is challenging because of the complex interaction among multiple parameters related to any cropping system. Climate plays an important role in crop productivity and dominates the local and regional agricultural practices. Changes in atmospheric CO 2 concentration and the resulting shifts in temperature and precipitation patterns can significantly influence the crop yield. In feedback, agriculture impacts the climate through altering the greenhouse gas budget and existing land use pattern. Crop resilience to climate change is an extremely critical aspect of global food security in coming decades.
Changes in temperature and precipitation can reduce the crop productivity through various physiological mechanisms. Both photosynthesis and respiration are nonlinear functions of temperature, whereas the relation between the crop development rate and temperature is approximately linear (Monteith and Moss 1977; Porter and Semenov 2005) . The rates of physiological processes increase with temperature before reaching the optima and then decrease. Therefore, although crops develop more quickly in warmer condition, the yield can potentially decline as temperature increases beyond a certain threshold. In arid and semiarid regions/seasons, water is a limiting factor for crop growth. Potential decrease in growing season precipitation can reduce soil moisture available to rain-fed crops, and the resulting water stress can lead to decrease in crop productivity. Numerous studies implementing different approaches project detrimental impact of climate change on cereal crop yield in Sub-Saharan Africa (Schlenker and Lobell 2010; Lobell et al. 2013; Ruane et al. 2013; Waha et al. 2013 ). Schlenker and Lobell (2010) predicted more than 15 % decrease by mid-century in the average production of maize, sorghum and millet because of future changes in temperature and precipitation. According to Lobell et al. (2011) , 1°C of warming would reduce yield in approximately 65 % of present-day area for maize harvest in the region. Waha et al. (2013) projected that the average decline in maize yield because of reduction in growing season precipitation in many parts of Sub-Saharan Africa would be as high as 30 % surpassing the average yield loss (3 to 20 %) induced by warming in future decades. Roudier et al. (2011) , in a review of 16 published studies analyzing climate change impact on crop productivity, estimated the median values of country-average yield loss of cereal crops to be 13 and 18 % in the northern and the southern part of West Africa, respectively.
A process-based crop-model can suitably be used to investigate how crops would respond to environmental changes (Meza and Silva 2009; Lobell et al. 2013; Ruane et al. 2013; Sultan et al. 2013) . However, most of the previous studies assessing the impact of climate change on crop yield using a process-based crop model performed point-based or field-scale analysis. Calibration of a process-based crop model to reproduce the observed yield over a large spatial scale is rather difficult because of the uncertainties resulting from a large number of parameters (both physical and socio-economic) associated with the model (Lobell and Burke 2008; Thornton et al. 2009 ). Spatial variability in crop productivity is a key factor to better understand the climate change impact on regional agriculture since different responses from different crops will demand diverse crop management and adaptation strategies based on a wide range of socio-economic policies within a country. The expected crop yield loss in a future climate, coupled with rapidly increasing global food demand, will be an important driver for land use and land cover changes (LULCC), a key factor influencing the earth's radiative budget (Lambin et al. 2003; Ewers et al. 2009 ). Comprehensive regional analysis of the variability of crop sensitivity to climate change is, therefore, a prerequisite to predicting the future LULLC. In addition to long-term changes of the mean yield, the inter-annual variability of yield is an important source of uncertainty in future food security, as it contributes to the volatility in the supply-demand equilibrium of the crop market. Many agricultural regions across the globe have already observed significant changes in crop yield variability over the past few decades (Osborne and Wheeler 2013) . Nevertheless, previous studies projecting the climate change impact on agriculture have overwhelmingly focused on the mean yield of various crops, with little attention paid to how the inter-annual variability of crop yield might change in future climate.
The present study fills several of the knowledge gaps identified above using the processbased crop model Decision Support System for Agrotechnology Transfer (DSSAT) . We calibrated DSSAT based on its simulation of present-day country-level yield for maize, sorghum and millet for the West African countries, and used the calibrated model to project the future yield for these cereal crops. We employed the model to address three questions: how can DSSAT be calibrated to reproduce the observed country-level yield of the cereal crops? What is the trend of future change in both the mean and the inter-annual variability of cereal crop yields, as projected by the calibrated DSSAT model, under changed climate scenario? What climate variables are primarily responsible for future changes in the yield of cereal crops? We also examined the potential sources of uncertainties, which might result from a number of human decision-making processes inherited in local agricultural practices, associated with DSSAT in the case of a spatially explicit regional study.
Methods

Description of the crop model DSSAT
The process-based crop model DSSAT integrates crop physiology and phenotype, weather and soil data, and crop management strategies. It has different modules to perform simulation for different crop types. The module responsible for simulation of the cereal crops in DSSAT is originally based on the crop model CERES developed for maize and wheat modeling (Ritchie and Otter 1985; Jones and Kiniry 1986) . DSSAT models crop growth by simulating the processes involved in the plant-soil-atmosphere interactions at a daily or hourly time step. As of version 4.5, which was used in this study, the CERES module of DSSAT can perform the simulation for six cereal crops-barley, maize, millet, rice, sorghum and wheat. For the CERE S module in DSSAT, the plant life cycle is divided into several stages-germination, emergence, end of juvenile, floral induction, flowering, beginning of grain fill and physiological maturity. The rate of development in cereal crops is governed by the growing degree days (GDD) expressed as a function of daily maximum and minimum temperature. The required GDD for the transition between two successive growth stages depends on the genetic coefficients of a cultivar. The CERES module calculates the daily plant growth rate using crop-specific ecotype coefficient derived from Radiation Use Efficiency (RUE) which converts the daily intercepted photosynthetically active radiation into plant dry matter. In CERES, grain filling in plants is regulated by the cultivar's genetic potential, rate of carbohydrate accumulation during flowering, temperature, water stress and available nitrogen.
Modeling approach
Cereal crops analyzed in this study were maize, millet and sorghum which are important sources of calories and nutrition in West Africa. According to FAO data, they are among the major crops based on total area harvested and value of agricultural production in the region (Table S1 ). These three crops are also mostly rainfed in the West African planting areas. Rice, another important cereal crop, was not included in this study because rice production involves substantial irrigation. For maize, we selected the Obatampa cultivar which has a growing season of approximately 90 days. The CSM 335 cultivar was selected for sorghum and the CIVT cultivar was chosen for millet because these cultivars are commonly cultivated in the region and the information of their genetic coefficients (as required by DSSAT) was available to us (Table S2 presents more details about genetic coefficients of the selected cultivars). Growing season lengths of the CSM 335 and the CIVT cultivar span approximately 110 and 85 days, respectively. The study area includes 13 countries in the Sahel and the Guinea Coast region-Benin, Burkina Faso, Gambia, Ghana, Guinea, GuineaBissau, Ivory Coast, Mali, Niger, Nigeria, Senegal, Sierra Leone and Togo. Liberia was excluded since the country's agricultural sector is still recovering from damage because of the civil war and there is little information available to calibrate DSSAT at the country level. West Africa, which lies between 15°E-16°W and 4°N-26°N, is considered to be one of the most vulnerable regions to climate change. Diverse climate in the region is characterized by hot desert climate of the Sahara Desert, hot semi-arid climate of the Sahel and tropical climate of Central and Western Africa (Fig. S1 ). Agricultural land use is more dominant generally in the eastern part of West Africa as indicated by the present-day cropland distribution in the region. We ran DSSAT at a spatial scale of 0.5°for the West African region. The country-average yield values represent the arithmetic mean of yield values across all of the 0.5°grid cells within a country. As the primary concern here is with crop yield as opposed to the total agricultural output, DSSAT was run for every grid cell within a country with no regard to the current fraction of agricultural land use or whether land use in each specific grid cell will increase or decrease in the future.
The FAO country-average yearly yield data (FAOSTAT database) were used to evaluate the time-series of DSSAT outputs and to calibrate the model. In order to perform the model calibration, for each country separately, the grid-level fertilizer input and planting time data within a country were adjusted in order to match the DSSAT country-average yield with the FAO data for present-day (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) mean. In the case of point-based simulation, calibration of the model can be performed by adjusting different model input parameters. However, for spatially explicit regional study, grid-level data is absent or sparse for many input parameters required by DSSAT since they are determined by local agricultural practice. Moreover, the grid-level time series data for the present-day yield was not available. The large degree of uncertainty involved in crop yield simulation results from the dependence of the crop production system on human decision-making. Factors such as fertilizer use, irrigation, choice of cultivar, and planting date selection greatly vary from one location to another and cannot be modeled explicitly as input parameters. However, any shift in one of the parameters can noticeably influence the model output and eventually lead to deviation between simulated and observed yield (Fig. S2 ). Time series of country-average crop yields (as shown in Fig. S2 ) indicate a variable response in the yields among years implying an interaction between the seasonal climate and the variation in input. The uncertainties in model input parameters, which mainly result from heterogeneity of agricultural practice across a region or a country, implies the difficulties in applying a process-based crop model on a regional scale. Given the large uncertainties with input parameters, which can considerably vary from place to place, DSSAT was calibrated by adjusting the fertilizer input and planting time for this study. Calibration was done for each crop and each country separately. Yield of cereal crops is sensitive to the amount of nitrogen fertilizer applied since optimum nitrogen level can effectively increase the yield.
Results from the sensitivity analysis of DSSAT yields and its input parameters also conform to the positive correlation between simulated yield and nitrogen input. Changes in planting time affect the yield by altering the growing season length.
Data
For grid-level soil data, the reanalyzed ISRIC-WISE 1.1 soil profile dataset were used. The original World Inventory of Soil Emission Potentials (WISE) soil database (Batjes 2002 ) version 1.1 developed by the International Soil Reference and Information Center (ISRIC) includes 4382 soil profiles, which were released by FAO, ISRIC and the United States Department of Agriculture (USDA), across the globe. The reanalysis of ISRIC-WISE 1.1 was performed to identify and correct the discrepancies or replace the missing values in physical and chemical properties of the soil profiles (Romero et al. 2012) . For example, drained upper limit (DUL) of a soil profile should be less than the saturated soil water content (SAT) and greater than the lower limit (LL) of plant extractable water. In the case of any inconsistency detected among the hydraulic coefficients (LL, DUL and SAT) in ISRIC-WISE 1.1, the corrected values were estimated based on soil texture (Saxton et al. 1985) . The reanalysis detected a total of 1945 soil profiles suffering from discrepancy or missing values and corrected 967 of them. The remaining 978 profiles could not be corrected, and therefore, 3404 valid soil profiles were available in the final reanalyzed dataset.
The geographically explicit fertilizer application dataset (Potter et al. 2010 ) used in the study was derived by merging a number of datasets. The International fertilizer Association (IFA) national-level fertilizer data and grid-level maps of harvested area (Monfreda et al. 2008) , which represents the geographic distribution of crop areas and yields of 175 different crops, were combined to produce the data at a spatial scale of 5 min. for the year of 2000. The spatial pattern of harvested area dataset was used to disaggregate the national-level fertilizer data to produce spatially explicit N and P fertilizer input at 0.5°spatial resolution. The global manure distribution data at 0.5°was developed using the global grid-level dataset on livestock distribution from FAO GLW project (Wint and Robinson 2007) which was converted into the equivalent OECD (Organization for Economic Co-operation and Development) livestock unit and combined with the OECD nutrient excretion data (OECD 2008) . For the planting time data, we followed the FAO crop calendar (FAO 2012 ) that selects the local onset of monsoon rainfall as the planting period for rain-fed crops.
For the model calibration, the Potter et al. (2010) gird-level fertilizer data was manipulated to reduce the disagreements among FAO and DSSAT yield. Since cereal crop yield are positively correlated to nitrogen fertilizer input, the initial fertilizer value was decreased (increased) in the case of an overestimation (underestimation) by DSSAT. However, in some cases, only the perturbation of fertilizer data was not enough to produce satisfactory results from the calibrated model. Therefore, in addition to adjusting fertilizer input, growing season length was also somewhat altered by means of modifying the initial FAO-prescribed planting time by delaying it by 1 month.
For the present-data daily climate data, we used a gridded global climate dataset at 0.5°r esolution (Sheffield et al. 2006) , which was developed by combining the observation and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data. The future climate data (2041-2060) used in this study were derived from the outputs of the regional climate model RegCM 4.3.4 (Giorgi et al. 2012) coupled with the Community Land Model version 4.5 (CLM 4.5) (Oleson et al. 2010) . The performance of this coupled model in West Africa is documented in Wang et al. (2015) . To run RegCM, the initial and boundary conditions (ICBC) was generated from the Representative Concentration Pathways (RCP) 8.5 runs of two General Circulation Models (GCMs): the Model for Interdisciplinary Research On Climate -Earth System Model (MIROC-ESM) and the Community Earth System Model (CESM) version 1.0 which is the updated version of the Community Climate System Model version 4.0 (CCSM4). In capturing the present-day vegetation distribution in West Africa, the MIROC-ESM-driven and the CCSM4-driven CLM-CN-DV model performed better than other GCM-driven runs (Yu et al. 2014 ). The outputs from RegCM, at a native resolution of 50 km and interpolated to a 0.5°resolution, were first bias-corrected using the Statistical Downscaling and Bias Correction (SDBC) method (Ahmed et al. 2013 ). The SDBC bias correction algorithm mapped the monthspecific probability distributions of daily climate data from the present-day RegCM outputs and observational data (Sheffield et al. 2006 (Sheffield et al. ) for 1980 (Sheffield et al. -1999 , and assumes that the statistical relationship between the distributions of model outputs and observations established for the present-day climate will remain unchanged in future climate (Wilby 1998; Boé et al. 2006 ).
Results and discussions
The scatterplot of country-level yield values from the DSSAT and the Food and Agriculture Organization (FAO) data averaged over 1980-1998 before and after calibration shows that the calibration reduced the difference between the model output and FAO data (Fig. 1) . However, in Niger, the observed yields of all three cereal crops are substantially lower than the DSSAT simulations despite assuming zero fertilization. Therefore, Niger is excluded from the calculation of correlation coefficient but presented in the plots for completeness. For most countries, the DSSAT model without calibration underestimates the maize yield, but overestimates sorghum and millet yields. Calibration brings the model output into a better agreement with the FAO data. In calculating the country-level yield, grid-level yield values with in a country were averaged, although some grid points with extremely low (less than 100 kg/ha) yield values because of unfavorable climatic conditions were excluded from calculating the average yield (Fig. S3) . The yield values of cereal crops from calibrated DSSAT over the period of 1980-1998 show generally negative correlation with growing season temperature for most part of the West African region. The negative correlation between yield and temperature is significant (p-value<0.1) for 17.4, 25 and 68.8 % of the grid points for maize, sorghum and millet respectively for the cultivars used in the study (Fig. 2) . For many parts of the region, since average growing season temperature during the study period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) did not exceed the optimum temperature (30-32°C) for the growth and grain development of cereal crops, high temperature in the past did not reduce the yield. Similar to previous studies, Rowhani et al. 2011) , yields of the cereal crops in the region show mostly positive correlation with growing season precipitation. For the cultivars chosen, the positive correlation between yield and precipitation is significant for 30.3 and 20.6 % of the grid points for maize and sorghum respectively, while it is 77.3 % in the case of millet (Fig. 2) . Since crop growth and development can be simultaneously affected by growing season temperature and precipitation in opposite directions, their individual impacts can offset each other.
The side-by-side boxplots of present-day (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) and future (2041-2059) countryaverage yield indicate an overall decrease in future cereal crop yield as a result of projected changes in temperature and precipitation (Fig. 3) . Since no adaptation, except sowing date, was considered in the future crop modeling, the projected changes in yield are driven by climatic factors as reflected by the changes in average temperature and total precipitation between present-day and future growing season (Figs. S4 and S5 ). There are noticeable disagreements among two scenarios of future country-average yield as projected by DSSAT driven with two different climate forcing data. The decrease in country-average maize yield is larger when DSSAT is driven with the RegCM-downscaled CESM climate. Future yield from the DSSAT runs driven with RegCM-downscaled MIROC-ESM climate indicate that the countries in the Sudano-Sahelian region, in general, are expected to experience greater yield loss compared to the countries along the Guinea Coast. This is consistent with previous studies (Roudier et al. 2011; Sultan et al. 2013 ) that also projected larger yield loss induced by higher degree of future warming and drought in the northern part of West Africa. As shown in Table S3 , the difference between the present-day mean and the future mean of cereal crop yield (average for maize, sorghum and millet) in Senegal, Gambia and Mali (>25 %) is substantially higher than that in Ivory Coast, Togo, Ghana and Sierra Leone (<15 %). Apart from Guinea-Bissau, which would experience a 8.9 % increase, all the countries in the region would suffer a loss in maize yield, which ranges from 0.4 to 40.1 %. This result is consistent with the study of Jones and Thornton (2003) that projected a yield loss ranging from 1.5 to 29.7 % by 2055 across the West African countries except for an increase of maize yield by 1.6 % in Ivory Coast. The RegCM(CESM)- (Table S4 ). For sorghum and millet, the RegCM(MIROC)-driven DSSAT projected a decrease in country-level productivity varying from 4 to 45.5 %. Although exact comparison cannot be made because of the different methodologies, our results are broadly consistent with the climate-change-induced yield loss (0 to 40 %) for sorghum and millet in West Africa as projected by Sultan et al (2013) . However, driven with the RegCM(CESM) future climate, DSSAT projects a considerable increase in sorghum and millet yield for many countries although future changes in climatic variables are similar to what is projected by RegCM(MIROC). Particularly for sorghum, the yield is projected to increase significantly in nine countries. This inconsistency highlights the uncertainty in future projections of crop yield resulting from the climate input data. Also using only the growing season temperature and precipitation may not be enough to assess the crop response to climate change since the average over the whole growing season cannot fully represent the impact of hydrometeorological conditions on crop yield. A specific crop may be more sensitive to warming and water stress during a certain part of the growing season. Therefore, the distribution of temperature and precipitation over different growth stages should be examined more specifically for the comprehensive understanding of crop response to climate variables. For example, future sorghum yield in Mali is projected to decrease (by 7.6 %) under the MIROCdriven climate and conversely increasing (30.7 %) under the CESM-driven climate, although changes in growing season average temperature and precipitation for the two future climate scenarios are somewhat similar. To understand this seeming inconsistency, we examined the distribution of average daily maximum temperature in Mali during a critical growth stage of sorghum spanning from panicle initiation to anthesis (approximately from 25 to 65 days after emergence) (Fig. S6) . Yield of sorghum is largely influenced by heat and water stress during this growth stage. The country-average future mean of daily maximum temperature during this particular growth period tends to be higher under the MIROC-driven climate (36.8°C) compared to the CESM-driven climate (35.3°C), which negatively impacts the sorghum yield. However, distribution of maximum temperature alone may not fully explain the changes in sorghum yield. Although the average daily maximum temperature under the CESM-driven future climate in Mali is higher than the present-day average (34.6°C), the yield is projected to increase because of the increased precipitation during panicle initiation and anthesis in future climate (4.35 mm/day) compared to the present-day climate (3.93 mm/day). Therefore, to explain the response of a specific crop in a particular country, more comprehensive analysis, which can significantly differ from one case to another, is required. The larger distance between quantiles in the boxplots for future yield values indicates that the general decline in mean yield is accompanied by increased inter-annual variability (Fig. 3) . According to the RegCM(MIROC)-driven results, out of a total of 39 cases (3 crops and 13 Fig. 3 Side-by-side boxplots of yearly country-average yield (kg/ha) of maize (top row), sorghum (middle row) and millet (bottom row) in 13 West African countries; black: 1980-1998; blue: 2041-2059 under the MIROC climate; red: 2041-2059 under the CESM climate countries), the inter-annual variability of yield would significantly increase in 28 cases. The increase in standard deviation is projected to be the largest for maize ranging from 66.6 to 242.2 kg/ha among the countries. The RegCM(CESM)-driven results project significant increases in 29 cases with the standard deviation of sorghum yield increasing the most ranging from 56.8 to 291.0 kg/ha (Tables S2 and S3 ). The increased year-to-year variation in cereal crop yield generally coincides with the larger inter-annual variability of growing season temperature and/or precipitation in the future climate, which illustrates the potential impact of changes in climatic pattern on the year-to-year variation of cereal crop yield in West Africa (Figs. S2 and S3 ). There are a few exceptions where the yield inter-annual variability can significantly increase despite the rather small increase of temperature and precipitation variability (e.g., maize in Senegal for the RegCM(MIROC)-driven projection). This apparent disparity might be also due to possibly higher sensitivity of a specific crop to temperature and precipitation during certain growth stages, which gets smoothed out when averaged over the whole growing season.
The comparison between present-day mean and future mean according to the RegCM(MIROC)-driven results shows significant (p<0.05) decrease in the countryaverage maize yield for 9 countries, while the increase in inter-annual variability of maize yield is significant (p<0.05) for all the countries (Table S3 ). The decrease in sorghum yield is significant only for 5 countries, although the variability is projected to increase significantly for 9 countries. It implies that many countries may experience significantly larger fluctuations in annual average yield although the change in mean is not significant. For millet, the country-average yield is projected to decrease significantly for 12 countries, whereas the increase in variability is not significant for 6 countries since most of them are projected to experience larger decrease in annual yield (compared to maize and sorghum) in all the future years.
It is also noteworthy that, for a specific crop, the largest decrease in mean yield may or may not be associated with the largest increase in variability. According to our model projection, Gambia would suffer both the highest decrease in mean (40.1 %) and the highest increase (242.2 kg/ha) in inter-annual variability of maize yield. For sorghum, the highest decrease in mean would occur in Senegal (25.3 %) although variability would increase most in Guinea-Bissau (132.6 kg/ha). The yearly millet yield in future decades would vary most in Togo (170.0 kg/ha) while Gambia would experience the largest yield loss (45.3 %). For the RegCM(CESM)-driven DSSAT projection, the mean maize yield would decrease significantly in 12 countries while, in some of the cases, the increase in inter-annual variability would not be significant (Table S4) . Although mean sorghum and millet yield is projected to increase in many countries, most of them would experience significantly larger year-to-year variation in yield in future climate. The projections from DSSAT, driven with both climate change scenarios, emphasize the importance of assessing the changes in inter-annual variability of crop yield in addition to the changes in mean in devising a strategic framework for food security in West Africa. Moreover, in some counties, both the magnitude and the direction of projected crop yield changes show strong spatial variability (Fig. S7) , which adds another dimension of complexity to the development of country-level adaptation strategies.
Different crops respond differently to warming and drought, as evident from the contours of yield changes against changes in precipitation and growing season temperature (Fig. 4) . Under the RegCM(MIROC) climate, Maize is generally sensitive to both warming and drought. Maize yield is projected to decrease as a result of warming combined with a decrease or a small increase of precipitation. However, a larger increase in precipitation would lead to an increase in yield. Sorghum and millet tend to be mostly sensitive to warming. Although warming of a small magnitude would lead to an increase in sorghum yield in the region, a general decrease is projected for millet yield. Under the RegCM(CESM) climate, however, the same crop cultivars respond differently to the similar range of changes in growing season average of temperature and precipitation. Sorghum tends to be more sensitive to precipitation, while the positive effect of increase in growing season precipitation on maize and millet yield is offset by future warming. There can be two possible explanations for some parts of the contour plots showing increased yield related to increased temperature. First, increase in both temperature and yield in the plots is usually associated with increase in precipitation. Increased growing season precipitation can moderate the negative effect of warming on crop yield. Second, depending on the present-day temperature, warming may not necessarily cause the growing season temperature to exceed the optimum temperature of a particular crop. As a result, some parts in the contour plots for sorghum yield indicate an increase in yield under future scenarios associated with both warming and a smaller decrease in precipitation. The heterogeneity of crop response to climate change reflects the uncertainties in determining the most critical Fig. 4 Contour plots of changes in yield against changes in growing season precipitation (ordinate) and changes in average growing season temperature (abscissa) as projected by DSSAT driven with MIROC (top row) and CESM climate (bottom row). Contours were plotted using the grid-level data from 13 countries of West Africa climatic factor for future yield loss and represents the challenge farmers would face to devise the adaptation strategies.
Summary and conclusions
The process-based crop model DSSAT was calibrated by adjusting the grid-level fertilizer data and planting time to reproduce the observed country-average yield of major cereal crops in 13 countries of West Africa. The calibration increased the inter-country variance of crop yield accounted for by the model. Outputs from the calibrated model were analyzed to evaluate the sensitivity of cereal crops to growing season temperature and precipitation in the region. Both temperature and precipitation variability can significantly influence the productivity in the region. While yield tends to decrease with increase in temperature, a positive correlation exists between present-day yield and growing season precipitation. However, correlation between present-day yield and climate variables follows different spatial patterns for different crops. Under the future climate scenario, change in temperature and precipitation might impact the yield of different crops to different magnitudes. Future warming will be responsible for an overall decrease in cereal crop yield across the region. Furthermore, productivity of some crops will be decreased by drought resulting from the reduction in growing season precipitation in future years. Future projection of the country-average yield by the calibrated model indicates significant reduction in mean yield and increase in the year-to-year variation of yield because of future climate change in the region. Note that, for the cereal crops, as most of them follow the C4 pathway for photosynthesis, the effect of CO 2 fertilization is projected to be minimal in future years. Photosynthesis efficiency of C4 crops tends to reach saturation at about 400 ppmv of atmospheric concentration of CO 2 . Previous studies based on experimental and modeling approaches concluded that CO 2 fertilization will not significantly affect the future yield of cereal crops (Allen et al. 1996; Leakey et al. 2006 ). Nevertheless, we tested the sensitivity of the DSSAT yield for cereal crops to the changes in atmospheric CO 2 level. According to the RCP 8.5, the mid-century level of atmospheric CO 2 is projected to be 571 ppm. To project the future yield, we ran DSSAT for both 380 ppm (equivalent to mean CO 2 level over [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] and 571 ppm, and the difference between simulated yield values for two CO 2 scenarios were negligible (Fig. S8) .
While the decrease in mean can be intrinsically linked to increased temperature and changed precipitation pattern, the analysis of climate change impact on variability of yield involves a greater degree of uncertainties. More importantly, the temperature and precipitation pattern during certain growth stage of cereal crops, in addition to their distributions over the entire growing season, can also be critical in affecting both mean and variability of yield. The disparity between the MIROC-driven and the CESM-driven DSSAT projection highlights the caveat in projecting the climate change impact on crop yield resulting from the uncertainties in input climate variables. Therefore, more rigorous crop-specific analyses, in addition to using multiple future climate projections (based on climate models and emission scenarios) to force the crop model, are required to appropriately evaluate the change in crop yield because of future climate change in the region.
The first limitation of using a process-based crop model without incorporating information on possible adaptation is that it ignores the adaptive potential of the farmers to address environmental and socio-economic changes (Mendelsohn et al. 1994 ). While we included the change in planting time as one of the adaptation strategies, it is not sufficient because it is hard to predict what the future farming system would look like under usually long term climate change scenarios. Another limitation of this study is related to the model calibration and verification. A more rigorous approach could include additional data for verification purpose, and the calibration can be conducted at sub-national level. Despite these limitations, this study provides a framework for assessing the future trend in crop yields in a changing climate to facilitate policymaking and strategic management. Projected significant change in mean and variability of cereal crop yield implies potential shift in the existing land use pattern under future climate scenario which is the scope of our future research.
